Environmental imperatives to conserve natural resources and to divert waste streams have stimulated significant interest in mineral recycling. This study illustrates that waste green container glass cullet is a suitable feedstock material for the facile synthesis of basic metallosilicate minerals that have potential as heterogeneous catalysts for industrially significant organic reactions. The target product phases, tobermorite (Ca 2 O) were synthesised by hydrothermal treatment of waste green cullet in alkaline media at 125°C for 14 days. The reaction products were characterised by powder X-ray diffraction analysis, Fourier transform infra-red spectroscopy and scanning electron microscopy. Phase-pure tobermorite (TB) was prepared from a mixture of glass and lime in sodium hydroxide solution. Impure lithium metasilicate (LS) containing minor proportions of portlandite and calcite was synthesised from the glass in lithium hydroxide solution. A mixed product of hydroxycancrinite (HC), with minor proportions of hydroxysodalite, tobermorite and hydrogarnet, was produced from the glass in a solution of aluminium and sodium hydroxides. All three glass-derived metallosilicate products were found to be effective catalysts for the Knoevenagel synthesis of ethyl (2E)-2-cyano-3-phenylacrylate from ethyl cyanoacetate and benzaldehyde. The order of catalytic efficacy followed the trend in basicity of the metallosilicate products, LS > TB > HC.
Introduction
It is estimated that the total quantity of waste glass generated within the European Union in 2014 was approaching 18.5 million tonnes with an approximate recovery ratio of 79% [1] . Despite this high overall recycling rate, poor collection infrastructure and colour mismatch limit the respective supply and demand for coloured waste container glass that can be effectively recycled as new bottles and jars. For example, green and amber soda-lime-silica glasses are widely distributed as bottled alcoholic beverages; however, the viability of their recovery from the waste stream and subsequent recycling is largely restricted to regions with established wine-and beer-making industries. To address this problem, there is a number of current initiatives to 'upcycle' surplus soda-lime-silica container glass into potential value-added materials such as ceramics, geopolymers, ion-exchangers, aggregates, abrasives and fillers [2] [3] [4] [5] [6] .
In this study, waste green container glass cullet has been evaluated as a feedstock material for the hydrothermal synthesis of basic metallosilicate mineral phases that have the potential to catalyse industrially significant organic reactions. The target product phases, lithium metasilicate (Li 2 O) were synthesised by hydrothermal reaction in alkaline media at 125°C for 14 days. The reaction products were characterised by powder X-ray diffraction analysis (XRD), Fourier transform infra-red spectroscopy (FTIR) and scanning electron microscopy (SEM), and their potential to catalyse the Knoevenagel condensation was tested on the reaction between benzaldehyde and ethyl cyanoacetate. The ethyl (2E)-2-cyano-3-phenylacrylate condensation product was confirmed by gas chromatography with mass spectrometry (GC-MS), and the reaction rates, in the presence and absence of the metallosilicates, were monitored by gas chromatography (GC).
Materials and methods

Preparation and characterisation of the basic metallosilicates
Discarded green soda-lime-silica glass wine and beer bottles were recovered from the municipal waste stream in Rochester, Kent, UK. The bottles were rinsed with water to remove the paper labels and ground to pass 125 µm. An oxide analysis of the green glass (Table 1) was obtained by X-ray fluorescence spectroscopy at the Materials Research Institute, Sheffield Hallam University, Sheffield, UK. All other reagents were purchased from Sigma-Aldrich, UK, and were used without further purification or modification.
Impure lithium metasilicate (LS) was hydrothermally synthesised by modifying the method described in reference 4. A mixture of 3.0 g of ground glass and 60 cm 3 of 4 M LiOH (aq) were heated at 125°C in an hermetically sealed PTFE reaction vessel under autologous pressure. Phase-pure tobermorite (TB) was produced by adapting the method reported in reference [3] . In brief, 3.5 g of ground glass and 1.5 g of calcium oxide were mixed with 60 cm 3 of 4 M NaOH (aq) and heated at 125°C in an hermetically sealed PTFE reaction vessel. To prepare impure hydroxycancrinite (HC), a solution containing 0.45 g of aluminium foil dissolved in 15 cm 3 of 4 M NaOH (aq) was contacted with 3.0 g of ground glass and the resulting mixture was heated at 125°C in an hermetically sealed PTFE reaction vessel. Each hydrothermal reaction was carried out in triplicate for 14 days and the products were then recovered by filtration, washed with deionised water to pH ̴ 8 and dried to constant mass in air at 60°C prior to analysis.
The reaction products were analysed by powder XRD using a Bruker D8 diffractometer with Cu Kα = 1.5406 Å, a step size of 0.019°in the 2θ range from 5°to 60°and a measuring time of 1 s per step. FTIR spectra were acquired using a Perkin Elmer Spectrum Two spectrometer between 450 and 4000 cm −1 wavenumbers, with 10 scans at a resolution of 4 cm −1
. Secondary electron images of the products were obtained from uncoated samples attached to carbon tabs on an Hitachi SU8030 scanning electron microscope with an accelerating voltage of 1 kV. The specific surface areas of the hydrothermal reaction products were obtained by nitrogen gas sorption analysis via the BET method [7] .
Catalysis of the Knoevenagel condensation reaction
The basic catalytic properties of the hydrothermal reaction products were investigated using the Knoevenagel condensation reaction between benzaldehyde and ethyl cyanoacetate to produce ethyl (2E)-2-cyano-3-phenylacrylate (a.k.a ethyl trans-α-cyanocinnamate) [8, 9] . A mixture of benzaldehyde (19.6 mmol) and ethyl cyanoacetate (18.8 mmol) in 50 cm 3 of ethanol, in a three-necked round bottom flask, fitted with a reflux condenser, thermometer and magnetic stirrer aliquots of the reaction mixture were withdrawn for analysis via GC, using an Agilent 7683B instrument equipped with an HP-1 capillary column and a flame ionisation detector. The ethyl (2E)-2-cyano-3-phenylacrylate condensation product and other reaction constituents were confirmed by GC-MS (Perkin Elmer turbomass DB5 spectrometer). The same reaction was also conducted in the presence of 0.25 g of LS, TB or HC. All reactions were carried out in triplicate.
The relative peak area of the ethyl (2E)-2-cyano-3-phenylacrylate product in the GC chromatogram was used to represent the extent of reaction and plotted as a function of time. The relative initial rate of reaction in the presence of LS, TB or HC was taken as a representative measure of catalytic activity and was estimated from the ratio of the initial gradient of the plot in the presence and absence of the metallosilicate reaction product.
Results and discussion
Characterisation of the lithium metasilicate product
Lithium metasilicate is a synthetic alkaline orthorhombic inosilicate that can be prepared by solid state reaction, sol-gel synthesis, mechanical milling and hydrothermal processing [4] . Its current and prospective applications include cathodes for lithium batteries, optical waveguides, gas-sensors, CO 2 -storage systems and tritium breeding materials [4, 10] . The syntheses of lithium metasilicate described in the literature have largely been carried out using analytical grade reagents such as silicic acid, colloidal silica and silicon alkoxides; although, recently, its preparation from clear waste container glass has been reported [4] . The present investigation extends that research to determine whether it is feasible to prepare lithium metasilicate from green container glass which is problematic to recycle.
The powder X-ray diffraction pattern of the lithium metasilicate product (LS) prepared in this study is shown in Fig. 1 and the identifying JCPDS files of the principal lithium metasilicate phase, and the secondary portlandite (Ca(OH) 2 ) and calcite (CaCO 3 ) phases present within this sample are given in Table 2 . The FTIR spectrum of LS is presented in Fig. 2 . Bands at 1067, 966, 864, 740 and 623 cm −1 are assigned to various vibrations of the silicate lattice, and Si-O-Li deformations give rise to the signal at 440 cm −1 [4] . In addition to the characteristic bands of lithium metasilicate, the low intensity signal at 1460 cm −1 arises from the trace calcite impurity. The characteristic sharp band at 3650 cm −1 from the non-hydrogen bonded O-H stretch Fig. 1 . Powder XRD patterns of hydrothermal products LS, TB and HC (Key: LS -lithium metasilicate, P -portlandite, C -calcite, T -tobermorite, HC -hydroxycancrinite, S -hydroxysodalite, K -katoite). ing vibration of portlandite is not apparent in the FTIR spectrum of sample LS indicating that this phase is not present in sufficient quantity to enable detection by this technique [4] . SEM analysis of the LS product ( Fig. 3) indicates that this material comprises granules in the size range 10-60 µm which are composed of nanoscale interlocking blocky crystallites. This sample was found to be approximately 77% crystalline with a BET specific surface area below 4 m 2 g −1 ( Table 2 ). Analysis of sample LS demonstrates that impure lithium metasilicate can be obtained by the hydrothermal processing of green soda-lime-silica glass in 4 M LiOH (aq) at 125°C with portlandite and calcite impurities arising from a stoichiometric excess of calcium present in the glass feedstock. These findings confirm those of a recent report which indicated that a mixed product of lithium metasilicate with minor proportions of portlandite, calcite, and lithium carbonate could be obtained by reaction between clear soda-lime-silica glass and LiOH (aq) at 100°C [4] . In the present study, the higher reaction temperature gave rise to smaller particle sizes of finer texture, which is to be expected for an hydrothermal system involving a nucleation and growth mechanism.
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Characterisation of the tobermorite product
Tobermorites are naturally occurring layer-lattice hydrated calcium silicate minerals that can also be prepared synthetically from a wide range of analytical grade and waste silicate-bearing parent materials under mild hydrothermal conditions [3, [11] [12] [13] [14] . The silicate lattice is compliant to substitution by other tetrahedral oxy-anions such as AlO 4 5- and the charge-balancing inter-layer calcium ions are readily exchanged for a wide range of mono-and divalent cations [3, [11] [12] [13] [14] . 11 Å tobermorite is the principal binder in autoclaved cement products and its applications in wastewater treatment, catalysis and biomedical devices are also reported [3, [11] [12] [13] [14] .
The powder X-ray diffraction pattern of the tobermorite product (TB) is shown in Fig. 1 and closely resembles those of other phase-pure synthetic 11 Å tobermorite samples reported in the literature [3, 11] . Under the selected reaction conditions, the TB product was found to be 51% crystalline, which indicates incomplete conversion of the parent glass phase. The FTIR spectrum of TB is given in Fig. 2 is assigned to Si-O-Si bending vibrations [12] . O-H stretching vibrations of interlayer water and silanol groups give rise to the broad signal centred around 3480 cm −1 , and their bending modes are detected at 1642 cm −1 . A weak signal arising from carbonate ion
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stretching at~1460 cm −1 indicates that some atmospheric carbonation has taken place (which is not uncommon during the hydrothermal synthesis of tobermorite) [11] . The TB product was found to consist of granular particles in the size range 50-250 µm with the characteristic foliaceous texture of 11 Å tobermorite and a specific surface area of 43 m 2 g −1 (Fig. 3 , Table 2 ). The hydrothermal processing of a mixture of clear container glass and lime at 100°C in 4 M Na(OH) (aq) for 7 days has been previously reported to yield a poorly crystalline 11 Å tobermorite product with a surface area of 26 m 2 g −1 [3] . This study confirms that green cullet can also be used to prepare essentially phase-pure tobermorite, and that the higher temperature (125°C) and longer reaction time (14 days) give a product with significantly greater surface area which is desirable for catalytic applications.
Characterisation of the hydroxycancrinite product
Zeolites and feldspathoids are naturally occurring 3-D microporous aluminosilicate framework minerals that can also be synthesised in the laboratory from a wide range of aluminate and silicate precursors under alkaline hydrothermal conditions. The industrial significance of these mineral phases arises from their myriad applications in separation and adsorption technology, catalysis and engineering [15] [16] [17] [18] . The low-silica feldspathoid 'zeotype', hydroxycancrinite (Na 4 (AlSiO 4 ) 3 (OH)·H 2 O), is readily prepared under mild hydrothermal conditions from paper sludge ash, coal combustion residue and various fly ashes [15] [16] [17] [18] . Unlike many zeolites, hydroxycancrinite tolerates the substitution of two Na + ions for one Ca 2+ ion during synthesis, so it is a popular target phase for the hydrothermal recycling of calcium-bearing aluminosilicate wastes [19] .
In this study, the composition of the green glass reaction mixture was adjusted by dissolving aluminium foil in the sodium hydroxide liquor to achieve an equimolar Al:Si ratio which matches the stoichiometry of hydroxycancrinite. The powder X-ray diffraction pattern of the hydroxycancrinite product (HC) prepared by this method is shown in Fig.  1 and the identifying JCPDS files of the crystalline constituents of this sample are given in Table 2 . These data confirm that the principal reaction product is hydroxycancrinite and that hydroxysodalite (Na 4 8 ), are also produced. The overall degree of crystallinity of HC was found to be 46% which indicates incomplete conversion of the parent glass under the selected reaction conditions.
The FTIR spectrum of sample HC is given in Fig. 2 and displays the characteristic vibrations associated with the aluminosilicate frameworks of the hydroxycancrinite and hydroxysodalite zeotypes [15, 20] . The stretching and bending modes of water and hydroxyl groups present in the product phases are respectively assigned to the broad weak signals at 3480 and 1645 cm −1 . Asymmetric stretches of the aluminosilicate frameworks of the zeotypes give rise to the combination band centred at 970 cm −1 which presumably obscures the lattice stretches of tobermorite. And various characteristic framework O-Si(Al)-O bending modes of the zeotypes appear as bands at 680, 625 and 565 cm −1 [15, 20] . Discrete signals arising from the vibrational modes of katoite are not apparent in the FTIR spectrum of the HC product. Scanning electron microscopy and nitrogen gas sorption analysis revealed that the HC product is a granular material with particles in the size range 50-500 µm and a BET specific surface area of~6 m 2 g −1 . The surface of the HC particles is principally composed of needle-like hexagonal hydroxycancrinite crystals interspersed with bevelled ball-like crystals of cubic hydroxysodalite (Fig. 3) . Also distributed across the surface is a finer sub-micron-sized material that comprises foliaceous tobermorite and indistinct spherical aggregates of the hydrogarnet phase (Fig. 3) .
Zeolites and zeotypes are thermodynamically metastable phases that form under alkaline hydrothermal conditions by a nucleation and growth mechanism [21] . Their synthesis conforms to the Ostwald Law of Successive Transformations such that a series of transient intermediate phases is formed as a function of reaction time. For example, cancrinite is known to form as a by-product of the Bayer process via the successive conversion of zeolite LTA to sodalite then cancrinite [20] . In fact, the successive solution-mediated transformation of sodalite to cancrinite has been acknowledged by many researchers and is reported to be promoted in the presence of calcium ions [19, 20] . This accounts for the presence of both hydroxysodalite and hydroxycancrinite in the HC product in the current study, with tobermorite and hydrogarnet arising from the stoichiometric excess of calcium in the glass feedstock.
Catalysis of the Knoevenagel condensation reaction
The Knoevenagel reaction is widely utilised in the synthesis of fine chemicals and pharmaceuticals to form new carbon-carbon bonds [8, 9] . This reaction generally involves the condensation of an aldehyde or ketone with an activated methylene group in solution in the presence of an organic base. The use of an homogeneous basic catalyst presents problems associated with the separation of the product from the reaction medium and generates a large volume of caustic waste liquor. In order to facilitate the recovery of the product and to minimise the management and disposal of corrosive liquid effluent, waste-derived solid bases have recently been proposed for the heterogeneous catalysis of the Knoevenagel reaction [8, 9] .
In this study, the potential of the glass-derived lithium metasilicate, tobermorite and hydroxycancrinite products to catalyse the Knoevenagel condensation was tested on the reaction of between benzaldehyde and ethyl cyanoacetate to produce ethyl (2E)-2-cyano-3-phenylacrylate. The reaction profiles in the absence and presence of LS, TB or HC are plotted in Fig. 4 and the relative initial reaction rates are given in Table 2 . These data indicate that all three basic metallosilicates significantly enhanced the rate of reaction, and that the order of their catalytic efficacy was LS > TB > HC. In each case, two additional minor phases were also detected by GC, at respective concentrations below 0.05% and 0.002%, which were identified by mass spectrometry as ethyl (2Z)-2-cyano-3-phenylacrylate and benzoic acid. Ethyl (2Z)-2-cyano-3-phenylacrylate is the more sterically-hindered isomer of the principal product and benzoic acid is present as a common impurity of the benzaldehyde reagent [22] . These findings confirm those of other studies which report that basic metallosilicate catalysts are highly selective for Knoevenagel condensation reactions and that their catalytic activity derives from the abundance and strength of the basic sites presented by the material [8, 9, 22, 23] . In addition to the Knoevenagel condensation, these glass-derived materials are candidate heterogeneous catalysts for a range of other industrially significant reactions such as transesterification and biodiesel production [24] . In this respect, further work to explore the recovery and reuse potential of the glass-derived LS, TB and HC catalysts in the Knoevenagel condensation and other organic reactions is now in progress. [25] . Trace quantities of iron and chromium are also present as impurities in flint glass which impart a faint, barely perceptible, green colour. A further combination of iron and chromium oxides is added to the melt to produce green glass and amber glass is obtained by the addition of sulphur, carbon and iron oxide. The final oxide concentrations of each additional chromophoric constituent present in finished green and amber container glass are typically below 0.5 wt%. At these low concentrations, colour variation among different container cullet feedstocks for the synthesis of silicate minerals is unlikely to have a significant impact on the phase evolution and purity of the resulting products. In this respect, both flint and coloured container glasses are potentially valuable and versatile feedstock materials for the facile preparation of basic metallosilicate phases under mild hydrothermal conditions. Waste container cullet is particularly suitable for the synthesis of disordered, non-stoichiometric, poorly crystalline phases, such as tobermorite. Optimum yields of tobermorite are generally achieved at Ca/Si molar ratios between 0.80 and 0.85, and the lattice is compliant to extensive isomorphic substitutions of both Ca and Si by the other components present in the glass [14, 26] . Hence, the reagent composition can be readily and flexibly adjusted to produce phase-pure tobermorite under modest hydrothermal conditions using waste container glass as the principal parent phase.
Waste container glass as a potential feedstock for silicate phases
It is more challenging to produce highly crystalline silicate phases, from container glass, whose structures do not tolerate the incorporation of calcium ions. During hydrothermal synthesis, excess Ca 2+
ions present in the glass are inevitably precipitated as calcium hydroxide under alkaline conditions. Unrequired Na + ions from the cullet do not present the same problem, as they are more soluble and remain in the reaction liquor. Strategies to remove the calcium ions from the glass, such as acid-leaching or complexation with ligands, are not likely to be viable as these would contribute significantly to complexity and cost. Nonetheless, this research has demonstrated that waste container glass can be used to synthesise impure silicate phases whose potential applications do not rely on their complete purification prior to use.
Conclusion
This study has confirmed that waste green container glass cullet can be used as a feedstock material for the hydrothermal synthesis of basic metallosilicates that have the potential to catalyse industrially significant organic reactions. 2 O) were synthesised by hydrothermal reaction in alkaline media at 125°C for 14 days. Phase-pure tobermorite (TB) was prepared in sodium hydroxide solution from a mixture of glass and lime. Impure lithium metasilicate (LS) containing minor proportions of portlandite and calcite was synthesised from the glass in lithium hydroxide solution. A mixed product of hydroxycancrinite (HC), with minor proportions of hydroxysodalite, tobermorite and hydrogarnet, was produced from the glass in a solution of aluminium and sodium hydroxides. All three glass-derived metallosilicate products successfully catalysed the Knoevenagel synthesis of ethyl (2E)-2-cyano-3-phenylacrylate with high specificity. The order of catalytic efficacy, LS > TB > HC, followed the trend in basicity of the products.
